DAD2 Is an α/β Hydrolase Likely to Be Involved in the Perception of the Plant Branching Hormone, Strigolactone  by Hamiaux, Cyril et al.
DAD2 Is an a/b Hydrolase LiCurrent Biology 22, 2032–2036, November 6, 2012 ª2012 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2012.08.007Report
kely to Be
Involved in the Perception of the Plant
Branching Hormone, StrigolactoneCyril Hamiaux,1,4 Revel S.M. Drummond,1,4 Bart J. Janssen,1
Susan E. Ledger,1 Janine M. Cooney,2
Richard D. Newcomb,1,3 and Kimberley C. Snowden1,*
1Plant & Food Research, Private Bag 92169, Auckland 1142,
New Zealand
2Plant & Food Research, Private Bag 3230, Hamilton 3240,
New Zealand
3University of Auckland, Private Bag 92019, Auckland 1142,
New Zealand
Summary
Strigolactones are a recently discovered class of plant
hormone involved in branching, leaf senescence, root devel-
opment, and plant-microbe interactions [1–6]. They are
carotenoid-derived lactones, synthesized in the roots and
transported acropetally to modulate axillary bud outgrowth
(i.e., branching) [1, 2]. However, a receptor for strigolactones
has not been identified. We have identified the DAD2 gene
from petunia, an ortholog of the rice and Arabidopsis D14
genes, and present evidence for its roles in strigolactone
perception and signaling. DAD2 acts in the strigolactone
pathway, and the dad2mutant is insensitive to the strigolac-
tone analog GR24. The crystal structure of DAD2 reveals an
a/bhydrolase fold containinga canonical catalytic triadwith a
large internal cavity capable of accommodating strigolac-
tones. In thepresenceofGR24DAD2 interactswithPhMAX2A,
a central component of strigolactone signaling, in a GR24
concentration-dependent manner. DAD2 can hydrolyze
GR24, with mutants of the catalytic triad abolishing both
this activity and the ability of DAD2 to interactwith PhMAX2A.
The hydrolysis products can neither stimulate the protein-
protein interaction nor modulate branching. These observa-
tions suggest that DAD2 acts to bind themobile strigolactone
signal and then interacts with PhMAX2A during catalysis to
initiate an SCF-mediated signal transduction pathway.Results and Discussion
Strigolactones (SL) are important regulators of branching in
plants [1, 2]. As endogenous signals, they play a role in root
development and leaf senescence [3, 4]. As exogenous
signals, SLs promote the symbioses between land plants
and arbuscular mycorrhizal (AM) fungi [5] and are germination
signals [6] for parasitic plants, which are significant crop pests.
SLs are hormones primarily produced in roots that alter axillary
meristem growth in the shoot. Two dioxygenases (CCD7 and
CCD8; [1, 2]), a cytochrome P450 (MAX1; [7]), and a carotenoid
isomerase (D27; [8]) are implicated in biosynthesis [9]. Genetic
and physiological experiments suggest that DAD2 [10], D14
[11–13], an F-box protein (MAX2; [7, 14, 15]), and members
of the TCP family [16, 17] function in SL signal perception
and response at the axillary meristem.4These authors have contributed equally to this work
*Correspondence: kimberley.snowden@plantandfood.co.nzWe have examined the role of DAD2 in SL perception. The
petunia dad2 mutant, like dad1 (CCD8) and dad3 (CCD7),
was identified by its increased branching phenotype [18].
Our analysis of dad mutants indicates that SL is involved in
the delay of leaf senescence (Figure 1A) and the delay is not
a consequence of increased branching in dad1 or dad2 plants
(Figure 1B). Genetic and grafting analyses show DAD2 acts
locally in the shoot to control plant branching [10]. Double
mutants of dad2 with either dad1 (CCD8) or dad3 (CCD7) are
not additive [10], and the triple mutant is indistinguishable
from dad2, suggesting that these genes belong to a single
pathway (Figure 1C). Grafting of biosynthetic mutants to
wild-type (WT) rootstocks reverts the branching phenotype
[10, 19–21]. The dad2 mutant, however, is not graft revertible,
indicating that DAD2 is not involved in the synthesis of the
graft-transmissible hormone [10]. GR24, a synthetic SL,
rescues mutants that are defective in SL biosynthesis [1, 2],
such as dad1 (Figure 1D), when applied directly to axillary
buds. By contrast, dad2 is insensitive to GR24 treatment (Fig-
ure 1D) as are d14, Atd14 [11, 22], and max2 [1, 2, 7, 15], indi-
cating DAD2, D14, and MAX2 are involved in strigolactone
signal transduction.
A directed transposon-tagging strategy was used to isolate
the DAD2 gene for which multiple lesions were identified (see
Supplemental Experimental Procedures available online).
The DAD2 gene is orthologous to D14 and AtD14 and has
homologs widely distributed across plants (Figure S1). Two
dad2 alleles have transposon insertions of either PhAT1 in
the intron (dad2-1) or dTph1 [23] in the first exon (dad2-2; Fig-
ure 1E) and footprints were isolated from revertant plants (Fig-
ure S1). The dad2-3 allele was isolated from dad2-1 in which
a spontaneous deletion of the second exon occurred. No
expression of the DAD2 gene was detected in dad2-3, sug-
gesting that this is a null allele (Figure 1G). To confirm the iden-
tity of the DAD2 gene, we complemented the dad2-3 mutant
using a complementary DNA (cDNA) copy of WT DAD2 (Fig-
ure 1F). In WT plants, the DAD2 gene is expressed in most
organs but highest in leaves and axillary buds (Figure 1G).
DAD2 expression is higher in dormant axillary buds than
actively growing buds and inversely correlated with CDKB, a
marker for actively dividing cells (Figure 1H), consistent with
a role for DAD2 in maintaining bud dormancy.
The structure of DAD2 was solved by X-ray crystallography
to 2.15 A˚ resolution (Figure 2A; Table S1). DAD2 has an a/b
hydrolase fold [24], with a 7-stranded b sheet ‘‘core’’ domain
flanked by seven a helices (Figure 2B). The lid, consisting of
four a helices, is connected to the core by a short b hairpin.
A canonical catalytic triad is formed by S96, H246, and D217
(Figure 2C). A large cavity is present between the core and
the lid, above S96 (Figure 2C; Figure S2). Roughly L-shaped,
this cavity is of sufficient size to accommodate known SLs.
The cavity is strongly hydrophobic, lined by seven phenylala-
nines (Figure S2). Taken together, the genetic and structural
data are consistent with DAD2 interacting with SL.
To address whether GR24 could be a suitable ligand and/or
substrate for DAD2, we assessed the thermal stability of DAD2
upon GR24 addition using differential scanning fluorimetry
(DSF; [25]). With increasing amounts of GR24, the melting
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Figure 1. The DAD2 Gene Is Expressed in Axillary Buds, Is Involved in
Senescence and Strigolactone Reception or Signal Transduction, and
Complements the dad2 Mutation
(A–D) Phenotypic data for WT and dad mutant plants. Petunia (Petunia
hybrida) Vilm inbred genetic stock V26 and dad mutants derived from V26
[18] were grown as described previously [3]. Statistical tests used ANOVA
with mean separation tests using Tukey’s least significant difference test
at the 5% level of significance. Within each experiment, values with the
same lowercase identifier are not significantly different (p = 0.05). (A)
Number of senesced leaves onWT and dadmutants at 11 weeks postplant-
ing (pp). Means6 SEM are shown; n = 9212. (B) Number of senesced leaves
on control (green) and debranched (blue) WT, dad1 (d1), and dad2 (d2)
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2033temperature of DAD2 decreased from 56.7C to 47.7C (Fig-
ure 3A). Destabilization of DAD2 in the presence of GR24,
detectable at a GR24:DAD2 molar ratio of w2:1, suggests
that binding induces conformational changes to the protein
structure, possibly through movement of the lid.
We next addressed whether DAD2 interacts with other
components of the SL signal transduction pathway. PhMAX2A
and PhMAX2B are petunia orthologs of the Arabidopsis F box
protein MAX2 [26] that is part of the SCF complex, which
targets proteins for ubiquitination [14]. In yeast two-hybrid
experiments, no interaction was detected between DAD2
and either PhMAX2A or PhMAX2B in the absence of GR24;
however, an interaction was detected between DAD2 and
PhMAX2A in the presence of GR24, but not for PhMAX2B (Fig-
ure 3C). Both PhMAX2A and PhMAX2B interacted with a
petunia Skp1 ortholog (PSK3) in the presence or absence of
GR24 suggesting the SCF complex itself is unaffected by
SL. The interaction between DAD2 and PhMAX2A was GR24
concentration-dependent, with an apparent Kd of 360 6
50 nM (Figure 3D) and a minimum detectable DAD2-PhMAX2A
interaction atw50 nM GR24. The GR24 dependent interaction
in yeast between two genes genetically and physiologically
implicated in SL signal transduction suggests a role for this
interaction in SL signal transduction.
The involvement of an a/b hydrolase in SL signal transduc-
tion is reminiscent of the gibberellin reception system in which
the receptor (GID1) changes conformation upon hormone
binding [27]. Both pathways involve the SCF complex suggest-
ing SL signal transduction may involve proteosome-mediated
degradation of transcriptional regulators. However, structural
comparisons between DAD2 and GID1 highlight differences
between the proteins [27] (Figure S2). In particular, unlike
GID1, DAD2 could be catalytically active.
To test for hydrolytic activity, we incubated DAD2with GR24
(at 1:20 molar ratio) and products were analyzed by thin layer
chromatography. After 18 hr, no GR24 remained, but new
spots were observed at lower retention factors. A time course
indicated that cleavage is slow (w50% loss in 3 hr, Figure S4).
Liquid chromatography mass spectrometry analysis of the
products revealed two compounds (Figures 4A and 4B) of
202 gmol21 (identified as the formyl tricyclic lactone of GR24)
and 270 gmol21 (not identified, Figure 4B inset; Figure S4).
Because GR24 comprises two enantiomers, (+)-GR24 andplants 9weeks pp.Means6SEMare shown; n = 728. (C) Number of primary
(green) and secondary (blue) branches for WT and dadmutants at 11 weeks
pp. Means 6 SEM are shown; n = 9212. Statistical differences between
genotypes are for primary and secondary branches combined. (D) The
number of branches (primary and secondary combined) for control (green)
and 10 mM GR24-treated (blue) WT, dad1 (d1), and dad2 (d2) plants
6.5 weeks pp. Means 6 SEM are shown; n = 829.
(E) The structure of the DAD2 gene showing exons (thick line), intron
(thin line), and the location of the transposon insertions leading to the
dad2 phenotype.
(F) Complementation of the dad2-3 phenotype using Agrobacterium-
mediated transformation with the WT DAD2 coding sequence under the
control of the CaMV 35S promoter. Plants shown are WT (left), dad2-3
(middle), and dad2-3 expressing the 35S-DAD2 transgene (right).
(G) The relative transcript abundance of DAD2 in root (R), low stem (S),
axillary bud (B), and leaf (L) samples from either WT or dad2-3 (dad2) plants.
Quantitative RT-PCR using three housekeeping genes to normalize gene
expression was carried out as described previously [26]. Means 6 SEM;
n = 3 biological replicates.
(H) The relative transcript abundance of DAD2 (blue) or CDKB (green) in
dormant or actively growing axillary buds. Means 6 SEM are shown; n = 4
biological replicates. See also Figure S1.
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Figure 2. DAD2 Is a Member of the a/b Hydrolase Fold Family of Proteins
with a Large Active Site Cavity
DAD2 protein was crystallized by hanging drop vapor diffusion. Data sets
were collected at the Australian Synchrotron and structures were solved
by molecular replacement.
(A) Ribbon structure of DAD2 colored in rainbow mode from N terminus
(blue) to C terminus (red). Active site residues are shown in pink.
(B) Topology diagram of DAD2 showing a/b ‘‘core’’ domain, lid (a5–8), and
active site residues S96, D217, and H246.
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2034(2)-ent-GR24, it was hypothesized that one product derived
from each enantiomer. However, digestion of pure (+)-GR24
also yielded both products, albeit with an increase in the
proportion of the 202 gmol21 product (data not shown),
demonstrating that, in vitro, DAD2 hydrolyzes GR24 at two
positions. The presence of two products suggests either
some flexibility in substrate orientation within the active site
cavity or variation in the site of hydrolysis after nucleophilic
attack of the substrate by DAD2.
One hypothesis for the role of the hydrolytic activity of DAD2
is to produce bioactive products from a SL precursor. Alterna-
tively, hydrolysis could remove SL to reset the signal transduc-
tion system and/or could be necessary for conformational
changes required for signal transduction. To test for bioactivity
of products, we determined their effect on bud growth in
planta (Figure 4C). GR24 inhibits bud growth, but the products
did not differ from controls, consistent with the observation
that the ABC and D-rings (see Figure 4A) are inactive in other
assays [28–30]. It is possible, however, that the products of
SL hydrolysis are unable to reach the site of action and that
DAD2 could hydrolyze SL at the site of action where the
products are detected by another protein.
To determine the effect of loss of catalytic activity, we made
two active site mutants of DAD2: S96A and H246A. We solved
the structure of the DAD2S96A mutant, revealing no changes
in overall conformation, although subtle differences are ob-
served near the mutated active site (Figure S2; Table S1).
DAD2S96A and DAD2H246A were both inactive (Figure S4)
and neither mutant showed shifts in melting temperature in
the presence of GR24 (Figure 3B; Figure S3), suggesting that
catalytic activity or binding is required for the destabilization
of DAD2. Furthermore, when petunia dad2 plants were trans-
formed with DAD2S96A, complementation of the mutant
phenotype was not observed (Figure S4). In yeast, no interac-
tion was detected between DAD2S96A and PhMAX2A in the
presence of GR24 (Figure 4D), showing that a functional active
site is required for the interaction with PhMAX2A. No interac-
tion was detected between DAD2 and PhMAX2A in the pres-
ence of the products of GR24 cleavage (Figure 4E) or between
DAD2S96A and PhMAX2A in the presence of GR24 in combi-
nation with WT DAD2, which would supply the products
in situ (Figure 4D). Together with our bud growth assay (Fig-
ure 4C) and pea branching assays [30], these results support
the view that the products of DAD2 cleavage of GR24 are not
able to promote the interactions required for bioactivity and
hence that DAD2 is unlikely to act simply as an enzyme that
processes mobile SL into an active signal.
The observations that the catalytic triad is required for
protein destabilization, for complementation of dad2, and for
GR24-dependent interaction between DAD2 and PhMAX2A
raise the possibility that catalysis is involved in signal trans-
duction (albeit the interaction with PhMAX2A requires con-
firmation in planta). Analyses of bioactive strigolactone
analogs in parasitic weed germination, AM hyphal branching,
and pea branching assays show thatmodifications that reduce(C) Active site cavity of DAD2 with the backbone shown in gray, the interior
cavity in orange, the active site residues in pink, and a bound glycerol in dark
blue. The cavity is open to the solvent at the top of the diagram. TheOg atom
of S96 is not oriented toward H246, as expected for an active conformation,
but occupies the oxyanion hole by forming hydrogen bonds to the back-
bone nitrogen atoms of V97 and F27. However, an w30 degree rotation
around theCa-Cb axis of S96would bring theOg atom into perfect hydrogen
bonding distance from the H246 Nε atom. See also Figure S2 and Table S1.
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Figure 4. DAD2 Is Capable of Hydrolyzing GR24, and This Activity Is
Required for Interaction with PhMAX2A but the Products Are Not Active
(A and B) High-performance liquid chromatography (HPLC) traces of GR24
(1 mM) (A) and GR24 products after incubation with DAD2 (50 mM) (B) for
18 hr at 25C. The HPLC traces are shown with unambiguously identified
peaks labeled with their MS-MS determined structures. The structure of
GR24 includes the standard labeling (A–D) of the rings.
(C) Effect on bud growth of GR24 or the products of GR24 hydrolyzed by
DAD2. The basal end of WT Arabidopsis two-node stem segments were
placed in control solutions or in solutions containing 5 mM of either GR24
or GR24 hydrolyzed by DAD2 in vitro (products). The growth of axillary
buds was monitored for 7 days. Data shown are means 6 SEM for the
7 day time point; n = 18. Statistical comparisons between treatments
used the Mann-Whitney U test (*p < 0.05; ns, not significant).
(D and E) Protein-protein interactions quantified by assaying b-galactosi-
dase activity in a yeast two-hybrid liquid culture system. Data shown are
means 6 SEM; n = 3. (D) DAD2S96A/PhMAX2A interaction in the presence
or absence of GR24 either with or without a WT DAD2 (supplied from
plasmid pU3) to hydrolyze GR24 in yeast. (E) DAD2/PhMAX2A interaction
in the presence of the products of GR24 (hydrolyzed in vitro by DAD2, prod-
ucts) or GR24. See also Figure S4.
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Figure 3. DAD2 Interacts with Strigolactone and Also PhMAX2A, But Only in
the Presence of the Hormone
(A and B) Melting temperature curves of DAD2 (A) and DAD2S96A (B) at
varying concentrations of GR24 as assessed by DSF. DSF experiments
[25] were performed on a LightCycler 480 (Roche). Protein unfolding was
monitored by detecting changes in Sypro Tangerine fluorescence. The
inflection point of the fluorescence versus temperature curves was deter-
mined and the minima referred to as the melting temperatures.
(C and D) Protein-protein interactions quantified by assaying b-galactosi-
dase activity in a yeast two-hybrid liquid culture system. The 36 possible
pairwise combinations of DAD2, DAD2S96A, PhMAX2A, PhMAX2B, PSK3,
and empty vector in pAD, and pBD plasmids in PJ69-4 yeast were screened
in the presence and absence of 5 mM GR24 on selective media. All data
shown are means 6 SEM; n = 3. (C) The interactions between PhMAX2A
(2A) or PhMAX2B (2B), fused to the Gal4 activation domain (pAD), and
DAD2 or petunia Skp3 (PSK3), fused to the Gal4 binding domain (pBD) in
the presence or absence of GR24.
(D) GR24 concentration dependence of the DAD2/PhMAX2A interaction. A
single site binding model curve has been fitted to the data. See also Fig-
ure S3.
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2035reactivity of the bridge between the C and D rings reduce or
eliminate bioactivity [28–30]. These results imply that for
each of these processes, the SL receptor must react with the
signal molecule. Recent publications [22, 31] suggest that
karrikin activation of seed germination is triggered by recep-
tion of the karrikin signal by a paralog of DAD2, KAI2, and
transduced by MAX2 and that karrikin analogs that are unable
to undergo nucleophilic attack at the butenolide ring (equiva-
lent to the D ring of SLs) are also inactive. This observation
led to the proposal that butenolide hydrolysis of karrikin may
result in a change in receptor structure, triggering signal trans-
duction [31]. Our results show that SL signal transduction
requires an active DAD2 enzyme but probably not the reaction
products, and therefore, we propose the hypothesis that the
formation of a reaction intermediate (either the substrate-
bound intermediate or a transition state) is required for struc-
tural changes in DAD2 that allow interaction with PhMAX2A
and signal transduction.
Accession Numbers
Protein structural data are in the Protein Data Bank (4DNP and 4DNQ), and
DAD2 and PhAT1 sequences are in Genbank (JQ654486 and JQ654485).Supplemental Information
Supplemental Information includes four figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.08.007.
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